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Abstract—Modelling tools that include diffuse scatter are
essential for planning 5G networks that include millimetre
wavelength wireless links. In this paper, a Kirchhoff model is
compared with real world measurements of diffuse scatter from
a rough wall at 60GHz. This work is the first use the model to
replicate an electromagnetic interaction with a large section of
exterior wall at a frequency of interest for 5G communications
networks where the geometry of the interaction is such that,
theoretically, some of the assumptions on which the model are
based are violated. This is important because this is a regime in
which the model will commonly be called upon in a propagation
modelling program, and thus determines the usefulness of the
model. We present an experiment in which power is scatted
in a 90 degree arc. There is a 3.21dB difference between the
measured and modelled mean received power. The difference
in the standard deviation is less than 1dB, suggesting that
the multipath characteristic of the diffuse reflection has been
captured by the model. In a sensitivity study, it is shown
that uncertainty in permittivity, which was the most difficult
parameter to measure, would not cause errors in peak scattered
power of above 2dB.
Index Terms—mmWave, Propagation, 5G, Kirchhoff, Scatter-
ing
I. INTRODUCTION
Millimetre wavelength wireless links have been proposed
as one of the enabling technologies for 5G communications
networks [1]. Models for propagation mechanisms specific to
millimetre wavelength channels are required. One such mech-
anism is scattering by rough surfaces [2][3]. The Kirchhoff
model for scattering from rough surfaces [4] has been used
recently to model an elementary interaction of an electromag-
netic wave with a rough surface at THz frequencies [5][6][7]
and at 60GHz to model scattering in an underground mine [8].
The Kirchhoff assumption is that the field present at a
particular point on a scattering surface can be approximated
by the field on the plane tangential to the surface at the given
point. The validity of this assumption is challenged when the
arrangement of the transmitter, surface and receiver and nature
of the surface are such that there are features on the surface
that stop incident radiation reaching all parts of the surface, or
that there are sharp discontinuities on the surface [4]. In [8],
the arrangement of the transmitter, receiver and wall means
there is likely to be little or no shadowing. In [7] the frequency
of interest is higher than those currently proposed for 5G links,
and only a small section of wall is modelled, which means
some of the multipath characteristic of a diffuse reflection will
not be measured. In this paper we extend the scope of previous
work. We use a carrier frequency of 60GHz, a candidate for 5G
networks, and also attempt to model situations where validity
of the model is in question, on a large surface.
Whilst it is limited to Gaussian surfaces, an advantage of the
Kirchhoff model over the popular effective roughness model
[9], which has been used at millimetre wave frequencies in
[10][11], is that it is a deterministic physical model. Whilst
the scattering parameter for the effective roughness model may
be obtained from surface statistics [9], it is usually extracted
empirically, and furthermore, a scattering pattern must also be
selected. The Kirchhoff model does not have to be calibrated
against measurements in this way, as in [12], but simply be
supplied with various physical parameters.
II. MODELLING
A. Kirchhoff Approximation Model
In this paper we use an implementation of the Kirchhoff
model to replicate the measurement scenario shown in Fig
1. The transmitter and receiver point the main beam of their
antenna patterns at a point on the wall. The transmitter
illuminates the wall with radiation at some angle to the normal
of the wall. The receiver records how much power is scattered
at various angles from the normal, with both the transmitter
and receiver on an arc with a two meter radius.
B. Surface Statistics
In the model, the roughness of a surface is described by
two statistics. The first is the standard deviation of the surface
height, denoted as σ. The second, correlation length, L, is the
distance at which the height of points on the surface become
uncorrelated by a factor e−1. Intuitively it describes the sort
of distance over which surface height changes significantly.
Correlation length is calculated using (1). L = τ, where τ is
such that C(τ) falls to e−1.
C(τ) =
M∑
y=1
N∑
x=1
[
hx,yhx,y+τ
h2x,y
]
(1)
Samples of a Penzance-red-stone wall’s surface height were
obtained using a Faroarm [13] and post processed to an array
of surface height values. A section of the wall, about 8cm
by 70cm in size, was characterised using (1). The standard
deviation of surface height was 4.3mm and the correlation
length was 33mm for the wall, the processed scan of which
is shown in Fig 2.
PRX = PTX
[
sVTX sHtx
] [GVVtx GVHtx
GHVtx GHHtx
] [
RVVkirch RVHpert
RHVpert RHHkirch
] [
GVVrx GVHrx
GHVrx GHHrx
]
Ploss
[
sVtx
sHtx
]
(3)
Fig. 1. Diagram of the experiment in which the rough wall is illuminated at
a fixed angle and the receiver is swept through a ninety degree arc to record
how much incident energy is scattered in each direction.
Fig. 2. Section of wall scan after post processing
C. Implementation Considerations
For the Kirchhoff approximation to be valid, there must be
no sharp discontinuities on the surface and there must not
be multiple scattering of energy impinging on the surface. To
meet these conditions, (2) must be satisfied. In (2), λ denotes
the wavelength of the incident radiation and lxy denotes the
length of a side of the square tile to which the model is applied.
To meet the leftmost inequality in (2), lxy was made to be equal
to qL, where q is a multiplier. Fig 4 shows these quantities.
lxy  L > λ (2)
The wall is divided into tiles to simulate the diffuse contri-
bution from different parts of the wall. If the whole wall was
represented by one tile, the multipath characteristic of diffusely
scattered energy would be lost. Furthermore the angles that
define the scattering geometry of the centre of the tile would
be unrepresentative of some regions of the tile generating poor
results. The inequality in (2) limits the number of tiles used
on a finite surface by placing a minimum size constraint upon
them, as the tile size must be larger than the correlation length.
To match measurements with a certain time resolution, tile
Fig. 3. Diagram of a reflection, showing how the scattering geometry is
defined by three angles. The surface roughness statistics are shown. Tile size
is a multiple of correlation length.
size has a maximum size constraint determined by the ability
of the receiving apparatus to discriminate between multipath
components. If the difference in path length between two paths
that are scattered from adjacent tiles causes a difference in
propagation time that is greater than the time resolution of the
receiving apparatus, then some multipath resolution is lost.
To account for depolarisation, a hybrid model was imple-
mented as in [5], making use of Jones calculus and Kirch-
hoff/perturbation theory. Co-polar and cross-polar reflection
coefficients can be derived for incumbent waves that are
perpendicular or parallel to the plane of incidence. This allows
reflected power to be calculated at any position relative to the
scattering plane given an arbitrarily polarised incumbent wave.
Measured antenna patterns are used to spatially filter ray paths
from each tile to accurately replicate a measurement scenario.
Equation 3 shows how received power is calculated for each
tile. Antenna gain terms, e.g. GVVtx , are calculated according
to propagation direction and antenna orientation. Ploss is a
term that includes losses due to propagation in free space and
system losses and gains. The terms sVTX , sHTX , sVRX , sHRX
are equal to 1, 0, 1, 0 respectively. This is to replicate the
measurement scenario in which the transmit antenna was fed
with a vertical wave-guide and only the vertical channel was
considered at the receive side. Since tiles far from the specular
direction have low power contributions [6], only 20 horizontal
and 10 vertical tiles were used around the point of specular
reflection.
III. MEASUREMENTS OF DIFFUSE SCATTER
A. Transmitter Side
The experiment was conducted using channel sounding
apparatus previously used for the work in [14]. A wide-
bandwidth, 2GHz, baseband signal was created and generated
using a Keysight M9099 Waveform and Keysight M8190A
arbitrary waveform generator (ARB). This signal was taken,
in I and Q format, from the direct outputs of the two channels
on the device. A 60 GHz carrier signal was generated using a
Keysight N5183B MXG Analog Signal Generator. The carrier
signal had an actual frequency of 15 GHz, which was fed to a
Local Oscillator (LO) port on a Sivers-IMA transceiver, which
was used as an up-converter. The transceiver multiplies the
frequency by four, to 60 GHz. The transceiver also modulated
the 60 GHz signal with the 2 GHz baseband signal. The power
signal just before the antenna was 14 dBm; the antenna is fed
with a vertically polarised wave-guide. The antenna used for
transmission is a high directive circular horn antenna with a
Half Power Beam Width (HPBW) of 12◦and 25 dBi gain.
B. Receiver Side
The antenna used was the same 25 dBi gain circular
horn antenna with an HPBW of 12◦. The received signal
goes through an Orthomode Transducer to split the received
signal into co-polarisation and cross-polarisation components.
The orthomode produces an isolation between co and cross
polarization of at least 20 dB, and was connected to two Sivers
IMA transceivers, which were used to down-convert both co
and cross polar 60GHz signals into I and Q signals. The
orthomode provided a gain of 7 dB gain to the received signal.
The down-conversion process required a 15 GHz signal in the
LO port of the Sivers IMA transceiver, which was generated
in the same way as in the transmitter. The transceiver for co-
polar signals gives a gain of 4 dB to the received signal.
This means, the actual power received from the antenna is
36 dB below the value displayed on the scope. This includes
25 dBi antenna gain, 4 dB transceiver gain (co-polar) and
7 dB orthomode transducer and waveguide gain. Modelled
values were adjusted to include these gains and the 25dBi
gain of the transmit antenna. The two captured signals were
analysed and pre-processed using the Keysight MSOS804A
high performance digital oscilloscope. The Keysight 89600
VSA and Waveform Creator channel sounding function oper-
ates by repeatedly transmitting a single carrier signal bearing
a modulated waveform.
C. Measurement Description
The measurement campaign was performed in the main
entrance of the Merchant Venturers building (MVB) of the
University of Bristol, UK. The transmitter was attached to a
pole, 1.7m from the ground. The receiver was attached to a
pole on a trolley and was also 1.7m from the ground. The
trolley was dragged along the arc.
Fig. 4. Measurements were conducted in a two meter arc around a section
of red-stone wall.
IV. SENSITIVITY ANALYSIS
The output of the Kirchhoff model is dependant on the
various physical parameters: correlation length; complex per-
mittivity; standard deviation of surface roughness and tile size.
In this paper σ and L were accurately quantified. The value
of q is an arbitrary choice, within the constraints previously
discussed. Complex permittivity, however, is a difficult pa-
rameter to measure at 60 GHz. It cannot be inferred from
measurements of energy scattered from a surface, since these
will include the effects of roughness, not just the electro-
magnetic parameters. It is also difficult to measure using
standard lab equipment at 60 GHz. Permittivity may vary
significantly between sub 6 GHz and 60 GHz [15], precluding
the use of data obtained at lower frequencies. A sensitivity
analysis was performed on the model to quantify how changes
in input parameters affect the peak output power, especially
permittivity, which was uncertain for the reasons described
above. The model was run 120 times with each parameter
chosen at random from a range of plausible values. The results
were plotted on scatter diagrams with the dependant variable,
peak power, on the Y-axis. The independent variable of interest
(e.g. the real part of the permittivity) was used on the X-axis.
Plotting a line of best fit gave an estimate of sensitivity to
different parameters. Table I shows how peak power varied
over the range of plausible input values. One can observe that,
in terms of peak power output, the model is most sensitive to
the roughness parameters. In this work complex permittivity
was the most uncertain value. From this study we can see that
if there is an error of 5 Fm−1 in a permittivity value, this will
cause an error of less than 1dB in peak scatted power.
TABLE I
SENSITIVITY ANALYSIS RESULTS
Variable Range Tested ∆ Peak Power (dBm)
L 30-70mm 3.98
σ 2-8mm -7.11
 ′ 1-10Fm−1 1.18
 ′′ 1-10Fm−1 1.59
q 4-20 3.95
Fig. 5. Measured and modelled values of received power in a ninety degree
arc around a scattering location for various incidence angles.
V. COMPARISON OF MEASUREMENTS AND MODELLING
To compare the measurements and model output, the fol-
lowing parameters were used: σ = 4.30mm, L = 33mm, µ = 1,
 ′ = 9,  ′′ = 3, q = 15. Fig 5 shows received power against
scatter angle for various incidence angles, both measured
and modelled. Scatter angles beyond 80 degrees could not
be measured due to the trolley hitting the wall. For small
incidence angles, the pole with transmitter attached prevents
the trolley from starting at zero degrees. Statistical metrics
show that the model performs well with an average difference
in the mean of 3.21dB and an average difference in the
standard deviation of 0.59dB. Table II shows the difference in
standard deviation and mean between measured and modelled
values as well as RMSE.
TABLE II
MEASURED AND MODELLED VALUES COMPARED
θ1 (deg) RMSE (dB) ∆ Std Dev’n (dB) ∆ Mean (dB)
20 6.17 0.82 0.99
30 7.26 0.21 2.96
45 6.93 0.66 3.36
60 6.50 0.066 3.99
70 7.94 1.61 4.97
80 6.43 0.15 3.04
Adv 6.87 0.59 3.21
VI. CONCLUSION
The Kirchhoff model has been used to predict rough surface
scattering of electromagnetic waves at 60GHz from a large
section of rough wall. The power received has a multipath
characteristic. This is captured well by the model, the standard
deviation of modelled received power was within 1dB of the
value for measured received power. This model is a candidate
for use in propagation models in which there are surfaces with
Gaussian surface heights. Through a sensitivity analysis of the
non-linear model, we quantified errors caused by inaccurate
input data. It was shown that the model is relatively insensitive
to permittivity, a parameter that is difficult to measure. We
conclude that the Kirchhoff model can be used in propagation
models to predict channel behaviour due to rough surface
scattering from walls in millimetre wavelength channels. This
will enable wireless network designers to gain valuable insight
into the millimetre wavelength channel, and therefore design
better devices and networks.
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